Reviewer #1 (Remarks to the Author):
I am grateful that the authors summarized these findings in the end, because it was difficult to reach these conclusions during the course of the manuscript. The authors have previously published the result that Ag nanoparticles scavenge electrons from TiO2 (refs. 17, 25) , so this key finding has already been reported. That this may be exploited to select for electron-starved products is a natural conclusion one may draw. What, then is the new result that is being reported here? Their confirmation of this conclusion through extensive measurements and modeling?
If so, this manuscript is not appropriate for NatComm, not only because the findings are too incremental, but also because the manuscript length is too short for the authors to provide sufficient detail and explanations for each of these confirming measurements and analyses. I simply do not understand Figures 2, 4, and 5B; the affiliated discussion repeatedly refers only to each sub-figure and draws a conclusion that is not sufficiently explained or motivated. Perhaps each conclusion may be inferred by the few readers who are experts in a given technique, but the authors use so many different types of techniques that it is very unlikely someone could read this article with sufficient breadth of knowledge in all these areas to infer all these conclusions. (I'm particularly confused about the basis for which the sub-band gap states are deduced, ostensibly a key finding of this manuscript. I'm also not sure I understand how faster TA decay means fewer carriers generated.) The authors seem to recognize this, as the SI for this manuscript is enormous, 23 pages in all, and frequently cited in the manuscript.
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Reviewers' comments:
Reviewer #1 (Remarks to the Author):
Comments:
A really nice and thorough work on the Ag/TiO 2 system used in CO 2 photoreduction as well as a work towards molecular and atomic level understanding the mechanisms and processes behind. I am highly recommend this paper but have a couple of main concerns and smaller ones either:
1. Authors are combining molecular level understanding techniques from the intermedier side (NAP-XPS) as well as from the electronic structure side (PCT, TAS etc.). However, im not exactly see the relationship between them. Its interesting that under UV CH 4 is the main product and under visible light a lot of methanol is forming, where the explanation is really deep and nice, but the intermedier explored by NAP-XPS is not exactly adding new informations. Which is okay, but one of the main conclusions of the manuscript at line 264-274 mainly based on the synergy of the used techniques. Line 274 speaks about drawing a global mechanism. Please add the mechanism or reaction routes to this paper. It would be great if authors can combine the photorediction and plasmonic knowledge with the CO 2 reduction mechanistis studies (from heterogeneous catalysis eg.: Tuning Selectivity of CO 2 Hydrogenation Reactions at the Metal/Oxide Interface Shyam Kattel, Ping Liu, and Jingguang G Chen J. Am. Chem. Soc., DOI: 10.1021/jacs.7b05362) and come up with a reaction route.
Response:
We appreciate the reviewer comments and the literature suggestion. We try to clarify below the synergy between the spectroscopic techniques used here and their role to ascertain the reaction pathway and the involved reaction intermediates. In-situ NAP-XPS are essential to ascertain the first step of the CO 2 adsorption/activation, via carbonate/bicarbonate formation. These measurements also reveal the formation of methylene and carbonyl intermediates prior to the formation of hydrocarbons. In addition, Raman spectroscopy shows the formation of peroxo and peroxocarbonate species, with an important implication on the oxygen evolution. However, these measurements do not explain the distinct behaviour of Ag/TiO 2 on the preferential formation of hydrocarbons (especially methane), in comparison to TiO 2 (major formation of CO). Thus, TAS measurements demonstrate that Ag NPs promote an efficient separation of photogenerated charge carriers, significantly reducing the electron/hole recombination rates and shifting the reaction selectivity towards highly electron demanding products. Regarding the reaction mechanism, the results obtained herein suggest that the CO 2 photoreduction follows a formaldehyde reaction pathway under our experimental conditions. This has been included in the "Mechanistic studies of CO 2 photoreduction" section of the revised manuscript along with proper references:
"The most relevant finding in the C 1s spectrum is the appearance of two new components at 284.0 eV and 287.0eV, corresponding to a methylene and formate intermediates, respectively ( Figure 3A) . 33 Figure 3A) . 33,34 " 3. As insert of Fig. 3 . shows, the silver is reducing continously, your system is dynamic. Its always changing what you are tried to follow with a couple of techniques. How the system, CO 2 reduction mechanism can change with time?
We agree with the reviewer comment, Ag NPs reduction is a dynamic processes that occurred progressively over a period of time depending on the irradiation source properties (intensity, wavelength and irradiation time). This progressive reduction is evident from the gradual darkening of the sample (inset of Figure 3 ). However, this system is not permanently dynamic and it reaches a steady state that depends on the aforementioned conditions. In our case, Supplementary Figure 8 shows the increase in the intensity of the SPR absorption band under UV irradiation (365 nm), which reaches a steady state after 5 min of irradiation. As time passes, the plasmonic band does not show any significant change, remaining the same after 15 min (Supplementary Figure 8) Response: The reviewer is right pointing out that Ag NPs are difficult to distinguish in images D and G in Figure S2 , due to the low Ag content and particle size. Below we include a sample of some TEM images that we used for the particle counting, in which Ag NPs are marked in red ( Figure R2 ). 2. I guess 3 % of Silver could be detectable by XRD at this sizes, of course its not obligatory, just please check.
Response: Silver could not be detected in XRD analyses, as shown in Supplementary Figure 1 . We include below a magnification of the XRD spectra of 3.0Ag/TiO 2 sample ( Figure R3 ). Here, silver oxide phases were not found, probably due to the small size (<2.5 nm) of Ag NPs. In the case of metallic silver, XRD reflection could overlap with anatase diffraction (2Θ = 38.1º), thus not being visible in the present analysis. 3. Line 69 -73: why the 1.5 % sample is the best? Why are these catalysts are soo good? What is your technique? Also, it will be good to somehow show that under Uv light there are more CH 4 but VIS produces methanol.
Response: Ag/TiO 2 catalysts were prepared following a deposition-precipitation method, using AgNO 3 as metal precursor (further details can be found in Supplementary Section 1.1). The catalyst 1.5Ag/TiO 2 showed the highest performance in terms of hydrocarbon production (Supplementary Table 2 ). In our work, we observed that the increase in Ag content led to an improved CO 2 photoreduction performance up to 1.5 wt.% loading, while hydrocarbon production decreased above that metal content. The different behaviour of 3.0Ag/TiO 2 sample was ascribed to different factors. First, 3.0Ag/TiO 2 sample shows the lowest BET area of the series (Supplementary Table 1 ), which may negatively affect the catalytic activity since a lower surface area implies a lower content of surface active sites. Besides, 3.0Ag/TiO 2 presents the highest silver particle size of the series (Supplementary Table 1 ) with a certain proportion of Ag NPs larger than 2 nm (Supplementary Figure 2O) . Finally, higher proportions of silver can lead to a shadow effect diminishing the UV light that reach to the TiO 2 and decreasing the photoactivity. In general, smaller NPs deposited over semiconductors are able to induce a higher shift of the Fermi level towards negative potentials than large particles, which is also related to more efficient charge transfer processes and more reductive systems. In addition, larger Ag NPs may form aggregates more easily that can act as recombination centres, thus decreasing the photocatalytic activity of the system. All these factors are believed influence the decrease in the catalytic activity observed for 3.0Ag/TiO 2 sample. We have include a paragraphs in the main text. 
"The increase in the silver loading leads to a hydrocarbon production decrease that could be ascribed to different factors such as a lower Ag dispersion and surface area (Supplementary
Line 129 in SI:
For spectroscopy the prepared sample was a bit differetn from ones used for catalysis. Are these samples are comparable totally? Any differences?
Response: All spectroscopic measurements were carried out using the same powder catalysts as the one used for catalysis, except for TAS analyses. In this case, according to the analysis requirements, measurements were performed using Ag/TiO 2 and TiO 2 films. These films were prepared trying to mimic as much as possible the powdered samples. They were prepared using TiO 2 anatase and Ag NPs were deposited on top using the same precursor and nominal metal loading as in powdered catalysts. Therefore, it can be concluded that both powdered catalysts and nanocrystalline films prepared for this study are totally comparable.
line 94: In the future, just a suggestion to try to use EXAFS to investigate Ag-O bonds.
Response: We really appreciate the reviewer's suggestion and we will submit a synchrotron proposal to evaluate the Ag-O bonds. Response: This is a mistake in the Supplementary Section 6 and we thank the reviewer for noticing it. The sum of gas pressure is 5·10 -2 mbar. As suggested by the reviewer, CO 2 and H 2 O pressures have been included in the Figure 3 caption.
line SI
Line 150: Authors says that we should see O2. Why?
Response: In this work, H 2 O is used as the electron donor to carry out the CO 2 photoreduction process. Thus, H 2 O needs to be oxidised to form O 2 . Therefore, O 2 should be released in the absence of any other oxidation process. However, NAP-XPS and Raman analyses revealed the presence of peroxo and peroxocarbonate species, which are formed from hole capture by CO 3 2− and HCO 3 − and from partial oxidation of water. The consumption of oxygen to form those species explains why O 2 is not detected in GC analyses. Table 2 . and figure 5.A is somehow connectiong to each others. I mean that is also a great result (with molecular level understanidng) next to the 15 fold increment that UV light producing more methanol comapred to UV lighted samples.
SI
Response: We thank the reviewer for this comment. In the revised manuscript, we have tried to make clearer the unique behaviour of Ag/TiO 2 catalysts in UV and visible-light driven CO 2 photoreduction. Therefore, we have tried to emphasize the different selectivities and photoactivities, and the key factors that determine those differences under both excitation conditions. Figure 5A )" Reviewer #2 (Remarks to the Author):
Comments:
The manuscript by Collado et al. reports a comprehensive investigation of charge transfer in Ag/TiO 2 photocatalysts for CO 2 reduction in an aqueous solution. As a result of numerous experimental measurements and theoretical investigations, the authors report that the electron scavenging ability of Ag nanoparticles, facilitated by the formation of surface sub-band gap states in the TiO 2 , help push the selectivity of the reaction toward highly electrondemanding products under UV illumination. This selectivity is somewhat lost upon visible illumination as a result of the faster decay of transient absorption suggesting the fewer carriers are photogenerated.
Response: We thank the reviewer for their comments. We would like to point out that the aim of the present work is to rationalize the influence of photo-charge dynamics of surface plasmon nanoparticles for gas-phase CO 2 photoreduction at the metal/semiconductor interface. The selection and development of gas-phase reaction processes rather than a liquid phase system is based on the following aspects: 1) A liquid phase reactor problems with the diffusion and the limited solubility of CO 2 in water, 2) A great part of the radiation is absorbed by the water and/or by other sacrificial agents present in the liquid phase system, which decreases the CO 2 activation rate, 3) Regarding the reactor design, it is much easier to control the fluid-dynamics variables in the case of gas phase systems. In addition, open a way for the future development of these technologies using CO 2 and H 2 O directly captured from the atmosphere.
I am grateful that the authors summarized these findings in the end, because it was difficult to reach these conclusions during the course of the manuscript. The authors have previously published the result that Ag nanoparticles scavenge electrons from TiO 2 (refs. 17,25), so this key finding has already been reported. That this may be exploited to select for electronstarved products is a natural conclusion one may draw. What, then is the new result that is being reported here? Their confirmation of this conclusion through extensive measurements and modeling? If so, this manuscript is not appropriate for NatComm, not only because the findings are too incremental, but also because the manuscript length is too short for the authors to provide sufficient detail and explanations for each of these confirming measurements and analyses.
Response: References 17 and 25 have been renumbered to 16 and 24 in this revised manuscript. The reviewer has pointed out that our previous works (references 16 and 24) deal with Ag NPs scavenging electrons from TiO 2 . Even though reference 16 entails gold nanoparticles, we agree that reference 24 also deals with the photoreduction of CO 2 using Ag NPs. However, both the materials and the scope of the paper differ from the ones reported here. First, in our previous study, the synthesis of Ag/TiO 2 samples was carried using a different type of TiO 2 (G5 instead of PC500). This determines not only the Ag particle size, morphology and dispersion, but also the textural and morphological properties of TiO 2 which consequently have an impact on their physicochemical, optoelectronic and reactivity properties. Secondly, our previous work reports a catalytic study on Ag/TiO 2 and Ag/ZnO catalysts under UV irradiation. We agree with the reviewer that the enhancement of hydrocarbon production is attributed to the electron scavenging of Ag NPs. However, this paper is mainly focused on the study of the catalytic performance (did not report the electron transfer kinetics at the metal/SC interface).Whereas the motivation of the present work is the deep understanding of the effect of plasmonic resonance on the photo-induced charge transfer processes in metal/semiconductor interfaces, that are still under debate [Nat. Photonics 11, 806-812 (2017); Light Sci. Appl. 5, e16017 (2016) ; Science 349, 632 LP-635 (2015) ;Nat. Photonics 8, 95-103 (2014) ;.among others], and on their catalytic behaviour CO 2 photoreduction under UV and visible light. Taking into account the complexity of the involved processes (that occur at different timescales), it is necessary to combine the unique in-situ characterization and theoretical tools that have been selected to perform this study. Thanks to the use of these techniques, we are able to provide a clear picture of the overall process, from the photogeneration of charges and their separation and transfer kinetics to the identification of the reaction intermediates. These aspects are correlated to understand the CO 2 photoreduction reaction under visible and UV irradiation over Ag/TiO 2 catalysts. For all these reasons, we consider that our work provides valuable and new insights on into charge photogeneration and transfer kinetics and also these finding are linked with the CO 2 photoreduction pathways over plasmonic metal/semiconductor interfaces, which can be of interest for Nature Communications' audience. Figures 2, 4 , and 5B; the affiliated discussion repeatedly refers only to each sub-figure and draws a conclusion that is not sufficiently explained or motivated. Perhaps each conclusion may be inferred by the few readers who are experts in a given technique, but the authors use so many different types of techniques that it is very unlikely someone could read this article with sufficient breadth of knowledge in all these areas to infer all these conclusions.
I simply do not understand
Response: To clarify the discussion of the mentioned figures we have include a more detailed explanation highlighted in yellow: Figure 10) ."
"As conclusion of these studies, valence band studies and DFT calculations show that Ag/TiO 2 interfaces present a complex electronic band structure leading to the formation of IFS states due to the charge donation between surface Ti-O and Ag neighbours. In addition, this interaction also leads to changes in carrier density and in the band bending." Regarding to figure 4: "The comprehension of photoinduced charge dynamics is vital to understand the subsequent photoredox reactions. This understanding involves the integration of optical and electronic processes that occur at different time scales by the use of a combination of time-resolved spectroscopies and photoelectrochemical characterization techniques (Figure 4)." "We assign this shift to the fact that, at 500 nm, the positive TAS signal corresponding to TiO 2 holes and the blue shift of the plasmon absorption band overlaps with the negative signal of the SPR bleach, and masks the maximum absorption wavelength of that bleach. The stability of the samples during the spectroscopic measurements was ensured by monitoring the absorption spectrum of the Ag SPR (Supplementary
"The decay kinetics of Ag/TiO 2 photoholes exhibits primarily a monoexponential behaviour, but we observed a small increase in the signal amplitude at 460 nm in the 10
-5 -10 -2 s timescale ( Figure 4A )." Figure 5 and Supplementary I'm also not sure I understand how faster TA decay means fewer carriers generated.)
"These values have been obtained through a simulation using the equivalent electric circuit that can be observed inside the Figure 4D. Fitting result obtained at different bias potentials and under dark and illumination conditions are presented in supplementary
The TA signal at 460 nm corresponds to the absorption of photogenerated holes in TiO 2 . The signal amplitude is proportional to the concentration of charge carriers. At t = 10 -5 s, the signal amplitude of holes for Ag/TiO 2 excited with UV light is ~10 -3 a. u., and nearly an order of magnitude smaller when excited with visible light. The smaller signal amplitude observed when visible light excitation, can partly be explained by a faster recombination of charge carriers. The electron-hole recombination in TiO 2 starts before the resolution limit of our instrument (observed from ca. 10 ps in J. Phys. Chem. Lett. 2016, 7(19), 3747-3746) . Since the recombination of charge carriers is much faster when exciting with visible light compared to UV light, this leads to a much smaller concentration of long-lived electrons, which are essential for the multi-electron reduction of CO 2 .
The authors seem to recognize this, as the SI for this manuscript is enormous, 23 pages in all, and frequently cited in the manuscript. If the authors objective was to extract the key findings and summarize them in a short, letter-style format, I'm afraid the attempt failed. Indeed, the attempt may be impossible, given the breadth and depth of the actual work done and the discussions that are required to draw it all together. A much more compelling article would have merged the manuscript and SI into a more thorough explanation of how all these pieces fit together to tell a coherent, compelling story, perhaps for a high impact journal like ACS Nano.
Response:
In order to improve the discussion in the manuscript we have included the Raman section from SI:
"Raman studies (Supplementary Figure 7) I would like to point out that 23 pages of SI are collecting additional figures that help to understand the results and discussion outlined in the manuscript. Taking into account the Nature Communications policies, no more than 6 figures can be included in the main paper.
Reviewer #3 (Remarks to the Author):
Comments:
This manuscript reports a wide and complex characterization of Ag-TiO 2 system for the CO 2 photoreduction reaction. This reaction is actually a hot topic in photocatalysis. Up to now, the reported results demonstrate that this a challenging reaction. So, hard investigations about the catalyst mechanism is really necessary. For this reason, the opportunity of this manuscript is clear and deserve to be considered in this journal.
However, due to the high number of techniques used, a more concise and clear discussion is needed for communication paper. Some arguments appears repeated along the text.
Response: Thanks to the reviewer for this comment. We have included within the text, some explanations that summarise the main conclusions extracted from each technique.
As a general comment, I would recommend authors to lighten the discussion in some sections, especially "Photoinduced charge transfer" section is somehow confusing. Authors should check the numbering of Figures in this section.
Response: The manuscript has been thoroughly revised, especially the "Photoinduced charge transfer" section to try to report our findings in a clearer way. Changes in the text are highlighted in yellow in the revised manuscript.
The conclusion of the MS is at the end is not clear. The key point is the different photocatalytic behavior of Ag-TiO 2 under UV and vis conditions leading to different products in each case. Authors should emphasize this point as conclusion.
Response: We appreciate the reviewer comment. We have amended the conclusions according to these suggestions (changes in the text are highlighted in yellow in the revised manuscript), to clarify the distinct behaviour of Ag NPs under UV and visible irradiation.
At the end of the MS, the "Methods" section is quite redundant since some parts are repeated in the Supplementary Information. This part should be placed at SI.
Response: As far as we know, a Methods section should be provided for a Nature Communication manuscript. However, we agree that some parts (e.g. catalyst characterization) can be redundant, but the journal policies stabiles that:
"The Methods section appears in all online original research articles and should contain all elements necessary for interpretation and replication of the results.
Methods should be written as concisely as possible and typically do not exceed 3,000 words but may be longer if necessary."
However in some cases and taking into account the complexity of some of these techniques; it is hard to give a concise explanation. For this reason we have included this information in the SI. In any case if the editorial board considers that we can include all the information contained in SI to the Methods section or in protocol exchange we will be happy to do so.
In Table 3 at SI, CO evolution rate at the first row is not correct, should be 0.7 micromol/g·h. The actual value corresponds to the CO production (11.1 micromol after 15 h) as it is shown in Table 2 .
Response: We thank the reviewer for noticing this mistake in Supplementary Table  3 . This value has been accordingly corrected in the revised version of the manuscript.
After these considerations, I would recommend the publication of this MS in Nature Communication
Thank you for spending time on deeper understasnding of the mechanisms from the heterogeneous catalytic view and reassure NAP-XPS results. I accept the manuscript as is only one thing is needed: Authors please put a mechanistic graph or a cartoon about your idea of the mechanism and put it inot the manuscript or SI.
Reviewer #2 (Remarks to the Author):
I have carefully reviewed the responses and revision by Collado et al. I appreciate the thoughtfulness of their responses and the numerous changes they have made. I am reluctant to claim that the manuscript is sufficiently improved to be suitable for publication in Nature Communications, but after rereading the revision several times, I am not opposed to its publication. For me, the fundamental problem from the original manuscript remains: too many of the findings are insufficiently explained, and the many references to the supplemental information do not help. (My word processor counted 32 times the authors refer the reader to the 23 page supplement for critical information.) I agree with the other reviewers that the authors have performed an impressive number of measurements and modeling to reach interesting and important conclusions, but I wish the authors could have described them more thoroughly and compellingly. Perhaps because of space limitations, they often could only outline the measurement they performed and the conclusion they reached without guiding the reader to reach the same conclusion for themselves. For example, I still don't understand how to interpret Fig. 2 or reach the conclusions they draw in the manuscript, nor do I understand how they used TAS and DRS to reach the associated conclusions about charge transfer. I do appreciate the additional text they added for Figs. 4 and 5 and the description of the Raman results, all of which has helped. However, some of the new additions raise new questions, such as the discussions about silver loading and the shifts of the TAS and SPR features, and many of the explanations provided in the response to the reviewers could have helped other readers if placed in the revised manuscript. Most of the rest of the additions provide no new information; instead, they helpfully restate intermediate findings as summaries to guide the reader, and I appreciate that as well. There are many typos and several odd word choices (e.g. "incanting," "sudden formation"), especially in the new text of the revision, but these can be fixed. Unfortunately, the space limitation imposed on the authors by Nature Communications cannot be fixed. For these reasons, I still believe this manuscript should be substantially revised to include more detailed descriptions and explanations of their findings for submission to a high impact ACS or RCS journal that supports longer manuscripts and more figures. In spite of this, I don't feel strongly enough about my reservations to write a review so negative that it would preclude publication in NatComm.
Comments: Thank you for spending time on deeper understasnding of the mechanisms from the heterogeneous catalytic view and reassure NAP-XPS results. I accept the manuscript as is only one thing is needed: Authors please put a mechanistic graph or a cartoon about your idea of the mechanism and put it inot the manuscript or SI.
We are glad that reviewer #1 is satisfied with the changes made. Starting from mechanisms proposed in the literature and based on the species we have detected in the in-situ experiments, we have elaborated a proposed reaction pathway which is now included in the SI as Supplementary Figure 17 and explained in the main text.
"Under UV irradiation, Ag/TiO 2 is highly selective towards CH 4 ( Figure 6A ). We are grateful to reviewer #2 for the great attention paid to our work. Accordingly, we have tried our best to further clarify the path towards our conclusions. Specifically:
In the section entitled "Electronic band structure of the Ag/TiO 2 heterojunction", we have further explained how we have reached our conclusions by linking every piece of information to the theoretical or experimental results they are extracted from, including the different panels of Figure 2 . Figure 3) . Otherwise, Ag/TiO 2 ( Figure 2B) Figure 2C ). The dependence of on bias potential (V) can beis described by the Mott-Schottky equation (Supplementary Note 1, equation 1) ."
At the beginning of the section entitled "Photoinduced charge transfer", we have further explained the results obtained from in-situ diffuse reflectance spectroscopy (DRS), both under UV and visible irradiation, and their connection with transient absorption spectroscopy (TAS) measurements. In this section, we have also further explained the results obtained from electrochemical impedance spectroscopy (EIS) shown in Figure 4 .
In Page 7
"In-situ charge transfer studies using UV-vis diffuse reflectance spectroscopy (DRS) at 365 nm irradiation (Supplementary Figure 8) Figure 6) , andit is clearly noticeable by a darkening of the sample due to Ag NPs photochromism ( Figure 3A inset) . 46 In addition, we have included all the explanation previously included in SI related to methodology in the main manuscript methods section.
